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LINEWIDTH  CALIBRATION  FOR  BRIGHT-CHROMIUM  PHOTOMASKS 


D.  Nyyssonen* 

National  Bureau  of  Standards 
Gaithersburg,  MD  20899 


ABSTRACT:  Linewidth  measurement  errors  are  introduced  when  an  anti-reflective 
(AR)  chromium  photomask  standard  such  as  the  NBS  SRM  474/475  is  used  to 
calibrate  an  optical  linewidth  measurement  system  for  subsequent  measurements 
on  another  material  such  as  bright  chromium  whose  optical  properties  (index  of 
refraction,  thickness,  reflectance,  and  edge  geometry)  do  not  match  those  of  the 
calibration  standard.  In  addition  to  differences  in  the  optical  properties  of  the 
materials,  the  magnitude  of  these  errors  varies  from  system  to  system  and  de- 
pends upon  resolution,  choice  of  edge-detection  criterion,  flare  light  in  the  optical 
system,  and  detector  response.  These  errors  are  greatest  when  measurements  are 
made  in  reflected  light  due  to  the  greater  sensitivity  to  the  mismatch  in  optical 
parameters  of  the  materials  between  the  calibration  standard  (AR  chromium) 
and  the  material  to  be  measured  (bright  chromium).  This  report,  therefore,  rec- 
ommends use  of  transmitted  light  for  linewidth  measurements  on  photomasks 
and  as  close  a match  as  possible  between  the  material  parameters  of  the  calibra- 
tion standard  and  those  of  the  part  being  measured  in  order  to  ensure  a realistic 
assessment  of  the  accuracy  and  precision  of  subsequent  measurements. 

KEY  WORDS:  critical  dimensions;  linewidth  measurement;  microlithography; 
microscopy;  optical  metrology;  photomask  calibration;  scanning  microscopy. 

INTRODUCTION 

The  National  Bureau  of  Standards  (NBS)  has  provided  to  the  integrated-circuit  (IC)  in- 
dustry for  more  than  five  years  an  anti-reflective  (AR)  chromium  photomask  linewidth 
Standard  Reference  Material  (SRM)  [l]  with  nominal  dimensions  between  1 and  10  /xm. 
Because  the  response  of  optical  linewidth  measurement  systems  is  affected  by  the  mate- 

* Currently  with  CD  Metrology,  Inc.,  Germantown,  MD  20874 
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rial  properties,  measurement  errors  may  be  introduced  when  an  AR-chromium  standard 
is  used  to  calibrate  a system  for  subsequent  measurements  on  a different  material  such 
as  a bright-chromium  (BC)  photomask  or  reticle.  This  report  is  intended  to  describe  the 
nature  of  these  errors  and  discuss  how  to  eliminate  or  reduce  them  through  proper  use  of 
the  bright-chromium  photomask  SRM  476. 

Errors  in  the  transfer  of  linewidth  calibrations  from  one  material  to  another  occur  be- 
cause of  the  optical  system  response,  the  edge-detection  criterion  used,  and  the  difference 
in  optical  constants  of  the  materials.  Whether  used  in  transmission  or  reflection,  most 
conventional  optical  linewidth  measurement  systems  produce  an  image  profile  either  by 
slit  scanning  or  from  a video  camera  and  apply  some  fixed  criteria  such  as  a 50%  or  other 
threshold  for  edge-detection  and  linewidth  measurement.  Use  of  a fixed  edge-detection 
threshold,  ignoring  changes  in  the  edge  image  structure  from  one  material  to  another,  does 
not  allow  the  measurement  system  to  compensate  for  changes  in  materials  and,  therefore, 
results  in  linewidth  measurement  errors.  These  material-dependent  errors  produce  what 
might  be  called  a “material-dependent  micrometer.” 

The  magnitude  of  these  errors  varies  from  system  to  system  and  depends  on  the  optical 
parameters  of  the  system  (resolution,  aberrations,  coherence  parameter,  detector  response, 
etc.)  as  well  as  the  materials  and  edge-detection  criteria  used.  These  errors  are  generally 
larger  for  reflected  light  measurement  systems  than  for  transmitted  light  because  of  the 
increased  sensitivity  of  the  reflected  light  image  to  small  changes  in  the  optical  parameters 
of  the  materials  (index  of  refraction,  thickness,  etc.).  Although  this  report  is  directed 
at  bright-chromium  photomask  calibration,  the  effects  described  are  present  to  a greater 
or  smaller  degree  for  see-through  chromium  and  AR-chromium  materials  that  differ  in 
composition  or  thickness  from  the  NBS  AR-chromium  SRM. 

The  best  method  of  reducing  or  eliminating  such  errors  for  a given  system  is  to  match  the 
calibration  standard  (materials,  thickness  of  the  patterned  material,  edge  geometry,  etc.) 
as  closely  as  possible  to  the  part  to  be  measured. 

AR-Chromium  vs.  Bright-Chromium 

As  an  illustration  of  the  effects  of  the  difference  in  AR-chromium  and  bright-chromium 
optical  properties,  figures  l(a-e)  compares  edge  image  profiles  from  the  NBS  photoma.sk- 
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(transmitted  light)  and  laser  (reflected  light)  calibration  systems.  These  systems  have  both 
been  previously  described  in  the  literature  [2,3].  The  system  properties  of  importance  here 
are  the  high  degree  of  spatial  coherence,  diffraction-limited  optics,  and  limited  spectral 
bandwidth. 

In  transmitted  light,  both  the  AR-  and  bright-chromium  photomasks,  figures  1(a)  and 
(b),  appear  nearly  opaque.  The  only  difference  is  a small  amount  of  flare  light  (the  non- 
image forming  (extraneous)  light  reflected  by  the  bright  surface  of  the  photomask)  which  is 
apparent  in  the  line  area  of  figure  1(c).  Flare  adds  an  incoherent  background  to  the  image 
of  opaque  lines  in  a clear  surround  and  appears  as  a slight  loss  of  contrast.  The  NBS 
systems  have  been  designed  to  minimize  the  effect  of  flare  light  and  for  AR-chromium 
measured  in  transmitted  light  adds  approximately  1%  to  the  background  illumination. 
Systems  encountered  in  commercial  use  have  been  known  to  add  as  much  as  10%.  The 
effect  of  flare  on  the  measurement  varies  with  detector  response,  resolution,  and  edge- 
detection  criterion  used  as  will  be  shown. 

In  reflected  light,  figures  1(d)  and  (e),  these  AR-  and  BC-photomask  materials  vary  consid- 
erably both  in  absolute  reflectance,  30%  (AR)  vs.  65%  (BC),  and  in  the  optical  parameters 
of  the  materials.  In  figures  1(d)  and  (e),  a distinct  difference  in  the  edge  image  structure 
can  be  observed.  The  optical  parameters  of  importance  in  determining  the  image  struc- 
ture, relative  reflectance  and  optical  phase  difference  at  the  edge,  are  defined  in  figure 
2. 

The  effect  of  a fixed  edge-detection  criterion  is  illustrated  in  the  following  example  in 
which  the  effects  have  been  slightly  exaggerated  to  make  the  discussion  clear.  Assume 
that  an  AR-chromium  photomask  has  been  used  previously  to  calibrate  the  measurement 
system  and  that  the  fixed  edge-detection  threshold  has  been  adjusted  to  yield  the  correct 
measurements  on  this  AR-chromium  “standard.”  If  this  same  edge-detection  threshold  is 
then  used  on  the  BC-photomask  as  shown  in  figure  3,  an  error  “delta”  occurs  because  the 
true  edge  location  does  not  correspond  to  this  threshold  because  of  the  change  in  image 
structure  due  to  the  change  in  optical  properties  from  AR  to  BC. 

As  already  noted,  the  magnitude  of  “delta”  depends  on  the  material  parameters  T (or  R) 
and  <p,  the  resolution  of  the  imaging  system  (edge  image  slope),  the  edge-detection  criteria 
used,  and  the  linearity  of  the  detector  response.  Results  of  a study  to  assess  the  magnitude 
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of  these  effects  are  given  in  reference  4. 


The  Effect  of  Variation  in  Material  Parameters 

Changes  in  the  optical  parameters  of  the  photomask  material,  relative  transmittance  (or 
reflectance),  and  phase  difference  as  shown  in  figure  2 cause  the  observed  edge  image  profile 
or  waveform  to  change.  The  relation  between  a given  threshold  or  feature  and  the  true 
edge  location  also  changes.  The  change  increases  with  increasing  differences  in  the  T (or 
R)  and  <p  parameters.  (See  for  example,  figs.  4(a)  and  (b).)  Note  that  the  differences  in 
optical  parameters  for  these  materials  is  greater  in  reflection. 

These  differences  translate  into  a required  change  in  the  edge-detection  threshold  used 
in  order  to  maintain  accurate  measurements.  A discussion  of  the  variation  in  the  edge- 
detection  threshold  is  given  in  reference  5 and  results  are  reproduced  in  figure  5 for  different 
coherence  parameters.  The  magnitude  of  the  actual  dimensional  measurement  error  in- 
troduced, however,  is  a function  of  the  resolution  of  the  measurement  system  and  the 
particular  edge-detection  algorithm  used. 

The  Effect  of  Edge-Detection  Criterion 

An  extended  discussion  of  the  combined  effect  of  material  parameters  and  edge-detection 
criterion  may  be  found  in  reference  5 for  wafer  measurements  where  the  variations  found 
in  material  parameters  are  much  larger  than  in  thin-layer  photomasks.  Here,  we  use  the 
example  given  in  figure  3 and  compare  the  errors  associated  with  use  of  the  different 
edge-detection  criteria  listed  in  Table  1. 

In  Case  I,  the  AR-chromium  photomask  SRM  is  used  to  select  the  edge-detection  threshold 
which  is  then  incorrectly  used  for  measurement  of  the  BC-photomask.  The  resulting 
measurement  errors  are  shown  in  Table  I as  a function  of  the  objective  numerical  aperture 
(N.A.)  and  coherence  parameter  (S)*.  In  Case  II,  the  50%  threshold  is  used  arbitrarily  for 
all  measurements,  and  an  improper  correction  for  the  bright-chromium  photomask  is  made 
based  on  a calibration  to  the  AR  standard.  The  measurement  errors  resulting  from  this 
case  are  also  shown  in  Table  I.  The  calculations  leading  to  the  values  in  Table  I assume 
diffraction-limited  optics.  With  aberrations  present,  an  approximate  value  of  the  error  can 

* Ratio  of  numerical  aperture  of  condenser  lens  to  objective  lens. 
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Table  I.  Theoretically  calculated  linewidth  measurement  errors  (in  ^m)  for  given  N.A.  of 
the  objective  lens  and  coherence  parameter  S;  reflected  light,  diffraction  limited  optics,  and 
ideal  detector  assumed.  Errors  are  shown  for  a space.  For  lines,  the  errors  are  of  the  same 
magnitude,  but  opposite  sign.  In  real  systems,  errors  tend  to  be  larger  and  may  not  be  of 
the  same  magnitude  for  both  lines  and  spaces. 


N.A.  = 0.90 

N.A.  = 0.60 

S = 0.66 

S = 1.0 

S = 0.66 

S = 1.0 

Case  I - 
Te  set  by  the 
calibration 
standard. 

+0.06 

+0.04 

+0.09 

+0.05 

Case  II  - 
Te  = 50% 

+0.04 

+0.04 

-0.16 

+0.05 

be  estimated  by  looking  at  values  for  a lower  resolution  system,  i.e.,  a lower  N.A. 

The  Effect  of  Flare 

As  already  indicated,  flare  (the  term  is  used  here  to  describe  extraneous  light  reflected  by 
the  bright  surface  of  the  photomask)  adds  an  incoherent  background  to  the  image,  thus 
shifting  the  image  intensity  with  respect  to  the  detector  response  curve.  Video  systems 
which  automatically  subtract  out  a dc  background  in  order  to  improve  the  contrast  or 
visibility  of  the  image  may  show  little  or  no  error  due  to  flare.  There  may  still  be  an  error 
due  to  the  mismatch  in  optical  parameters  in  this  case. 

When  the  dc-background  is  not  subtracted  out,  flare  will  introduce  a change  in  the  thresh- 
old corresponding  to  edge  location  as  illustrated  in  figure  6.  In  this  case,  no  significant 
amount  of  flare  is  present  when  the  AR  standard  is  used  for  calibration,  but  is  present 
for  bright-chromium  lines  in  a clear  surround,  and  this  causes  the  wrong  edge-detection 
threshold  to  be  used.  The  resulting  linewidth  error  depends  upon  the  amount  of  flare  and 
the  resolution  or  image  edge  slope.  In  the  NBS  photomask  calibration  system,  1%  flare 
introduces  an  error  of  less  than  0.01  ^m.  Increased  amounts  of  flare,  as  much  as  10%  or 
more,  in  a lower  resolution  system  can  cause  errors  as  large  as  tenths  of  micrometers. 
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The  Effect  of  Detector  Response 


In  transmitted  light,  the  AR-  and  BC-chromium  photomasks  are  so  closely  matched  in 
absolute  transmittance  that  no  effect  due  to  detector  response  is  seen  when  substituting 
one  for  the  other.  However,  in  a reflected  light  system,  the  enormous  difference  in  ab- 
solute reflectivity  of  the  materials  requires  an  adjustment  of  the  illumination  level  by  a 
multiplicative  factor  of  more  than  2 in  order  to  maintain  the  image  intensity  on  the  same 
portion  of  the  detector  response  curve  (no  change  in  gain  or  sensitivity). 

Therefore,  if  the  detector  has  sufficient  sensitivity  to  yield  a good  image  of  the  AR- 
photomask  in  reflected  light,  a neutral  density  filter  with  50%  transmission  (0.3  N.D.) 
could  be  used  and  trimmed  with  a slight  change  in  lamp  intensity  when  measuring  the 
BC-photomask  in  order  to  maintain  the  image  intensity  on  the  same  portion  of  the  de- 
tector response  curve.  If  properly  adjusted,  any  possible  error  due  to  detector  response 
would  be  minimized.  What  more  frequently  happens,  however,  is  that  a change  in  gain  or 
sensitivity  adjustment  is  made  to  compensate  for  the  change  in  reflectivity.  If  the  detector 
response  is  not  a linear  function  of  its  input,  or  the  compensation  for  the  difference  in 
reflectance  is  not  made  exactly,  calibration  may  be  lost  and  large  errors  may  result.  This 
problem  occurs  most  often  in  video  systems  where  a factor  of  2 change  in  illumination 
or  image  intensity  level  cannot  be  tolerated  due  to  the  nonlinear  detector  response  and 
limited  response  range. 

As  in  the  case  of  flare,  a small  shift  of  the  image  intensity  (especially  that  corresponding  to 
edge  location)  due  to  inaccurate  compensation  for  change  in  reflectivity  of  the  photomask 
with  respect  to  the  detector  response  curve  may  or  may  not  produce  an  error  depending 
Upon  whether  or  not  the  dc  background  is  removed. 

It  should  be  apparent  from  this  discussion  that  the  magnitude  of  these  effects  are  highly 
dependent  on  the  mode  of  operation  of  the  measurement  system  as  well  as  the  optical  pa- 
rameters of  the  photomasks.  Again,  the  problems  are  minimized  (if  not  wholly  eliminated) 
when  transmitted  light  is  used  for  linewidth  measurement  on  photomasks! 

Use  of  the  Bright-Chromium  SRM  476 

In  order  to  assist  in  improving  the  accuracy  and  reproducibility  of  linewidth  measurement s 
made  on  bright-chromium  photomasks,  NBS  is  providing  SRM  47G.  It  is  certified  to  a 
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precision  and  accuracy  comparable  to  that  of  SRM  474/475  primarily  because  of  the  close 
match  in  optical  parameters  when  measurements  are  made  in  transmitted  light  and  the 
small  amount  of  flare  light  introduced  is  taken  into  account  by  a correction  to  the  edge- 
detection  threshold. 

This  correction  is  made  by  first  determining  the  amount  of  flare  from  a comparison  of  the 
images  of  a clear  space  in  an  opaque  surround  and  an  opaque  line  in  a clear  surround  such 
as  shown  in  figures  1(b)  and  (c).  (The  widths  of  the  lines  used  for  this  comparison  must 
be  at  least  a few  micrometers  in  order  for  diffraction  effects  to  be  excluded.)  In  the  NBS 
photomask  calibration  system,  the  correction  to  the  coherent  edge-detection  threshold  [2] 
takes  the  form: 


rp,  IM 

c 4 


Io 

— F ) cos 

Im  J 


+ F, 


where  F is  the  amount  of  flare  light  normalized  to  Im- 


This  correction  is  equivalent  to  subtracting  out  the  flare  light  before  applying  the  coherent 
edge-detection  threshold.  This  technique  is  demonstrated  in  figure  7 where,  as  a result  of 
subtraction  of  the  flare  light,  the  edge  image  profile  for  an  opaque  line  becomes  identical 
to  that  of  the  clear  space  shown  in  figure  1(b). 

In  transmitted  light  optical  systems,  the  procedures  for  the  use  of  SRM  476  are  identical 
to  those  recommended  for  the  AR-chromium  SRM  474/475.  In  today’s  automated  sys- 
tems, the  measurement  system  adjustments  described  in  the  ASTM  Standard  Practice  for 
Preparing  an  Optical  Microscope  for  Dimensional  Measurements  may  not  be  possible,  and 
the  user  may  have  no  way  of  knowing  whether  his  system  is  optimally  set  up.  In  such 
a case,  matching  of  the  material  parameters  of  the  standard  to  the  part  being  measured 
and  generation  of  a reliable  calibration  curve  based  on  statistical  analysis  of  repeated  mea- 
surements are  essential  to  realistic  assessment  of  the  accuracy  and  precision  of  subsequent 
measurements. 
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Figure  1(a).  Experimental  profile  of  an  AR-chromium  line  in  transmitted  light  using  the  NBS  photomask 
calibration  system.  This  system  uses  a tungsten-halogen  lamp  with  a green  filter  which,  in  combination 
with  the  photomultiplier  response,  produces  a spectral  response  peaked  at  530  nm  with  a bandpass  of 
60  nm. 
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Figure  1(c).  Experimental  profile  of  a line  on  a bright  chrome  photomask  with  flare.  System  is  the  same 
as  for  figure  1(a). 
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Figure  1(d).  Experimental  profile  of  an  AR-chromium  line  in  reflected  light.  Monochromatic  illuminatii 
at  a wavelength  of  530  nm. 
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Figure  1(e).  Experimental  profile  of  a BC-chromium  line  in  reflected  light.  System  same  as  figure 
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Figure  2.  Definition  of  parameters  T (or  R)  and  <f>  used  to  characterize  line  objects,  (a) 
Image  profile  showing  Im  and  Jo,  where  T = Io/Im-  When  Te  ( Te  — Tc  x Im)  is  used 
for  edge  detection,  the  linewidth  is  given  by  X2  — X\.  The  optical  phase  difference  <t>  is 
determined  from  the  optical  path  difference  between  rays  1 and  2 for  (b)  transmitted  light 
and  (c)  reflected  light.  In  each  case,  the  values  of  <j>i  and  <f>2  can  be  calculated  from  the 
given  complex  indices  of  refraction  h0  and  h9  and  the  thickness  d of  the  patterned  layer 
by  using  the  Fresnel  equations. 
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Figure  3.  Error  A resulting  from  use  of  the  wrong  threshold  Te  resulting  from  mismatch  of  an  AR 
standard  to  a BC  photomask. 


Figure  4(a).  Transmitted  light  optical  parameters  T and  cos <j>  for  different  materials;  A, 
SRM  474  (AR  chromium);  B,  SRM  476  (bright  chromium). 
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Figure  4(b).  Comparable  reflected  light  optical  parameters  R and  cos(p  for  the  same 
materials. 
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Figure  5(a).  Plot  of  the  coherent  (objective  N.A.  condenser  N.A.)  threshold  Tc  as  a 
function  of  relative  transmittance  (or  reflectance)  T (or  R ) for  a,  </>  = 7r;  b,  <f)  = 7t/2; 
and  c,  <f>  = 0.  The  threshold  corresponding  to  incoherent  illumination  (condenser  N.A. 
objective  N.A.)  that  is  insensitive  to  </>  is  shown  for  comparison  (curve  d). 
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Figure  5(b).  Same  as  figure  5(a)  except  for  the  partially  coherent  case  of  matched  condenser 
and  objective  N.A.’s. 
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is  present  and  is  incorrect  in  case  (c  )•  t'e  is  the  correct  threshold  when  flare  is  present. 
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